both toxins. The SRL includes a long, conserved sequence found in the RNA of all large ribosomal subunits, which plays a critical role in the factor-dependent steps of protein synthesis. The spectroscopic observations and analysis that led to the determination of the conformation of E73 are presented. The SRL in E73 has a highly structured conformation, which is stabilized by several non-Watson-Crick base-pairs, and many properties of the SRL in the ribosome can be understood assuming that the conformation of E73 and that of the SRL in the ribosome are the same. The role of the SRL in protein synthesis is discussed in light of the conformation of E73, as is the modular relationship that exists between the conformation of the SRL and other smaller RNAs.
Introduction
The longest conserved ribosomal RNA sequence, 5'AGUACGAGAGGA3', is found in the principal RNA of large ribosomal subunits (see Gutell et al., 1992) : A2654 to A2665 in Escherichia coli 23 S rRNA (Noller et al., 1981) , and A4318 to A4329 in rat 28 S rRNA (Endo & Wool, 1982) . It is embedded in a somewhat longer sequence named the sarcin/ricin loop (SRL) because it is the site of attack of two protein toxins, ricin and a-sarcin, that kill cells by inactivating ribosomes.
Ricin catalyzes the depurination of the third A from the 5' end of this sequence (Endo et al., 1987) , while a-sarcin catalyzes the hydrolysis of the phosphodiester bond that links its eighth and ninth residues (Endo & Wool, 1982) . Once damaged this way, ribosomes do not bind elongation factors properly , and that failure results in the cessation of protein synthesis.
Consistent with these findings, the SRL is protected from chemical modification when EF-G and EF-Tu bind to the ribosome (Moazed et al., 1988) .
The study reported below was motivated by the discovery that a-sarcin and ricin cleave oligoribonucleotides having the SRL sequence in vitro . The loop sequence, in either its prokaryotic, 15 residue form or its eukaryotic, 17 base form, when closed by a short helix of arbitrary sequence is a substrate for both enzymes. The RNA oligonucleotide whose conformation is discussed here, E73 (Figure 1 ), has a eukaryotic 17 base loop.
Earlier studies demonstrated that the SRL is highly structured (Szewczak et al., 1991) , and a conformational model was published based on a preliminary analysis of spectroscopic data (Szewczak et al., 1993b) . Neither the spectroscopic data nor the assignments on which that analysis depended were presented, however. Both are described below, and a final, refined model for the molecule is shown and discussed.
Results

Imino proton assignments
Figure 2(a) shows the imino proton spectrum of E73, taken in H 2 O at 283 K. At both 283 K and 303 K, it is easy to detect NOEs that link resonances D, B, A, F and C sequentially, and show that they represent the imino protons in the stem of E73 (G2 through G24, respectively: Szewczak et al., 1991) . At low temperatures, an additional run of NOEs can be
JMB-MS 326
The Sarcin/Ricin Loop Figure 1 . RNA sequences. The sequences of the 2 RNAs examined in this study, E73 and E73-S, are shown here. Residues A9 to A20 correspond to the conserved sequence of the sarcin/ricin loop. The adenine depurinated by ricin is designated an asterisk (*).
The aromatic/anomeric walk
For an RNA of its size, E73 has a remarkably well-resolved 1 H spectrum (Figure 2(b) ). Its pyrimidine H (5) and H (6) resonances were identified on the basis of their H (5) /H (6) correlations. There is a single crosspeak for each of the 12 pyrimidine residues in COSY spectra of E73, which indicates that a single conformation of E73 dominates under these conditions (data not shown). The three U residues were distinguished from the eight C residues by repeating the COSY experiment using an E73 sample labelled with deuterium at C5.
Sequence-specific assignments were made for these and all the other anomeric and aromatic protons of E73, at both 283 K and 303 K, on the basis of the NOESY spectra given by three samples: protonated E73, protonated E73-S, and E73 deuterated at both the 8 position of G residues and the 5 position of C residues. In this way stem resonances could be distinguished from loop resonances, and A, G, C and U residues positively identified.
Partial deuteration affected the relaxation properties of E73 resonances in the manner protein spectroscopists have described in the past (LeMaster & Richards, 1988) . The dG8,dC5 sample gave sharper NOEs than its unlabelled counterpart, and relative NOE intensities changed in response to the alterations in relaxation pathways that resulted from deuteration. The dG8,dC5 sample's NOESY spectra thus proved more illuminating than we had anticipated.
Figure 3(a) shows the anomeric/aromatic part of E73's NOESY spectrum with the anomeric/aromatic walks from G1 to A9, and from C22 to C29 superimposed on it. At A9, the continuity stops; there is no A9 to G10 NOE in the anomeric/aromatic region. Providentially, two of the three U residues in detected that connect H1, the downfield component of H, with E2, the upfield component of E, on to G, then E1, the downfield component of E, and finally back to H2, the upfield component of H. This group of resonances, which must come from the loop, were assigned on the basis of a natural abundance 1 H-15 N correlation experiment (data not shown). This experiment demonstrated that all the resonances in the loop set are GN1 resonances except E1, which is a UN3 resonance (Szewczak et al., 1993a) . (It also confirmed that resonance A is a UN3 resonance, as expected.) The only U in the loop that could have G residues with unassigned imino proton resonance on both sides is U11. H1, E2, G, E1 and H2, therefore, must correspond to G14, G18, G19, U11 and G10, respectively (see Table 1 ).
The low-temperature imino proton spectrum of E73 includes a broad resonance at about 10.6 p.p.m., resonance I. It could belong to either U7 or G16, but it gives no NOE, and its 1 H-15 N crosspeak, which would have identified it, was not detected. trum was collected in H2O at 283 K using the twin pulse method for water suppression (Kime & Moore, 1983a) . Resonances are identified by letters for ease of identification (Szewczak et al., 1991) . (b) Non-exchangeable proton spectrum. This spectrum was collected at 303 K in 2 H2O, as described in Materials and Methods. The upfield-most resonance belongs to EDTA, and that immediately downfield of it is that of dioxane, the chemical shift standard. (a) Figure 3 . The anomeric-aromatic region of the NOESY spectrum of E73. A NOESY spectrum is shown, which was taken in 2 H2O at 303 K with a 600 ms mixing time. (a) The E73 anomeric-aromatic walk for G1 to A9 and C22 to C29 is superimposed on the spectrum. Continuous lines trace the anomeric-aromatic walk for E73 residues G1 to A9, and dotted lines show the connectivities for C22 to C29. The cross strand NOE involving the H(2) of A26 is marked with a broken line. (b) The E73 anomeric-aromatic walk for U11 to C22 is traced out with a continuous line. The H(6) chemical shift for U11 is marked with a broken line, and some important, non-helical NOEs are also indicated. (b) E73 lie between G1 and A9, so that U11 could be assigned by elimination, and the sequential walk resumed. The only G10-related sequential NOE immediately apparent is the G10H (1') to U11H (6) NOE at (5.96 p.p.m./7.96 p.p.m.) . That NOE is obviously a doublet in the H (1') dimension, which indicates that the ribose of G10 is in the S conformation, which is characterized by large (H (1') , H (2') ) couplings. In addition, there is a strong G10H (1') -U11H (5) NOE (Figure 4(a) ). Inexplicably, we were unable to detect a G10 (H (8) /H (1') ) NOE, and we are still unsure of the chemical shift of G10H (8) . All of the GH (8) resonances identified by comparing the spectra of dG8, dC5 E73 and protonated E73 are securely assigned to other residues.
Figure 3(b) shows the anomeric/aromatic walk starting at U11, and ending at C22. It breaks into three segments: U11 to C13, G14 to A17, and G18 to C22. The break between C13 and G14 is not a real one. C13's H (1') does give a normal, sequential NOE to G14's H (8) , but it is hard to identify because the chemical shift of C13H (1') is 4.10 p.p.m., a full p.p.m. upfield of normal. The break between A17 and G18, on the other hand, is real. The H (1') proton of A17 does not give an NOE to the H (8) of G18. What is seen instead (at long mixing times) is the reverse, an A17H (8) / G18H (1') NOE, and its recognition was complicated by the unusual chemical shift of G18H (1') , 3.98 p.p.m.
All of the intraresidue H (1') /(H (6) or H (8) ) NOEs in E73 NOESY spectra are much weaker than Four of the six remaining AH (2) protons give NOEs to the 1' protons of their 3' neighboring residue: A12, A16, A20 and A21. The A20H (2) /A21H (1') NOE is almost as intense as a pyrimidine H (5) /H (6) NOE, which indicates that those protons are unusually close together. A17H (2) and A9H (2) were revealed by weak NOEs to their own H (1') protons at long mixing times. NOEs of this kind must be the products of multiple transfers of magnetization, e.g. nH (2) : (n + 1)H (1') : (n + 1)(H (6) or H (8) ) : nH (1') , but in our experience, they are often observed.
Non-anomeric sugar protons
Twenty-four of the 29 H (2') resonances in E73 were identified on the basis of strong NOEs to 1' protons seen in short mixing time NOESY spectra. The H (2') protons of C13 and G18 could not be picked up this way because their H (1') /H (2') NOESY peaks lie in the densely populated ribose-ribose region. A9, G10 and U11 also give H (1') /H (2') NOEs in the anomeric/ribose region, but they are surprisingly weak. The H (2') assignments for A9 and G10 were confirmed by DQF-COSY spectra. The 1' protons of both residues give conspicuous COSY peaks in the ribose region ( Figure 5(a) ), which indicates that both residues are in the S conformation, an inference already reached for G10 on the basis of NOESY data. The H (1') /H (2') couplings in residues G1, A15, G16, A17 and C29 are also large enough to result in detectable COSY peaks, which indicates that their ribose conformations are a mixture of N and S. The ribose rings of the remaining 22 residues are in the N conformation.
Despite the prevalence of the N ribose residues in E73, the anomeric/ribose region of E73 TOCSY spectra was extremely informative (Figure 5(b) ). H (1') to H (2') to H (3') TOCSY connectivities were evident for all residues except C13 and G18, and these connectivities could be followed out to H (4') for 22 of the 29 residues. Further sugar assignments resulted from 1 H-31 P hetero-TOCSY experiments (see below). The ribose spin systems of C13 and G18 were assigned in that way, as were some of the H (4') assignments and most of the (H (5') , H (5") ) assignments obtained.
The COSY spectrum of E73 includes a crosspeak at (5.75 p.p.m., 4.78 p.p.m.) that could not be assigned. Although its multiplet structure indicates a coupling constant larger than that of the nearby A15 crosspeak, its intensity is weaker. We believe that this crosspeak is indicative of the existence of a small population of the molecules in the sample that are in an alternative conformation. There is no NOE peak at that position.
H-
C correlations
Figure 6 is a natural abundance 1 H-13 C HMQC spectrum of E73. Its aromatic correlations are aliased because the carbon sweep-width was reduced to make data collection efficient. The most important pyrimidine H (5) /H (6) NOEs. Since the intensities of intraresidue H (1') /(H (6) or H (8) ) NOEs approximate those of H (5) /H (6) NOEs only when nucleotides are in the syn conformation, all the residues in E73 must be in the anti conformation.
Assignment of AH (2) resonances
AH (2) resonances in E73 were identified as a group on the basis of both T1 measurements, their longitudinal relaxation times are about twice as long as those of other aromatic resonances (seven to eight versus three to four seconds), and by natural abundance 1 H-
13
C spectroscopy. One of these slow relaxing resonances, that at 7.43 p.p.m., had already been identified as the A26H (2) by imino proton spectroscopy; it is the aromatic correlate of U4H (1) . It also gives NOEs to the 1' protons of C27 and G5, as expected for an AH (2) in a helical stem. correlations in this spectrum are those assigned to the 1' protons of G10, C13 and G18. The peanut-shaped peak labelled ''C13, G18'' has a 13 C chemical shift in the H (1') range, and its 1 H chemical shift(s) are those already assigned to the H (1') protons of C13 and G18. The assignments of the 1' protons of C13 and G18 to upfield resonances are thus confirmed.
The peak belonging to G10H (1') is more difficult to assign. (3') , appears to be the only viable alternative. The resonance at 5.96 p.p.m. must be G10H (1') , despite its unusual 13 C chemical shift. It should be noted that C (1') carbon chemical shift depends on sugar pucker, and C (2') -endo conformation is associated with upfield 13 C chemical shifts (Varani & Tinoco, 1991b) . Why this particular C (1') has a chemical shift so far out of the expected range remains to be explained.
Phosphorus assignments
Experiments of the 1 H-31 P hetero-TOCSY class were used to assign E73's 31 P spectrum, which is exceptionally well dispersed (see Szewczak et al., 1991) . The assignments of the outlying phosphorus resonances are indicated in Figure 7 . They fall into two connected groups, one centered around the residues attacked by ricin and a-sarcin, G14pA15pG16pA17pG18, and the other in the neighborhood of A9, the place where the first break in sequential connectivities occurs, U7pC8pA9pG10. The conformation of the backbone must be unusual in both regions.
Both two and three-dimensional hetero-TOCSY-NOESY experiments were run to confirm the assignments made on the basis of hetero-TOCSY data, and to extend assignments in ribose spin systems. Experiments of this class generate 31 P correlations with anomeric and aromatic protons, which is particularly useful since anomeric and aromatic assignments tend to be secure. Figure 8 shows a plane of constant 31 P chemical shift from a three-dimensional hetero-TOCSY-NOESY spectrum. Correlations involving U11's H (1') , H (2') , H (3') and H (4') are clearly evident, as is a NOESY crosspeak involving A12H (8) . Tables 1 and 2 summarize the proton assignments that have emerged for E73 at 283 K and 303 K, while Table 3 provides the phosphorus, carbon and nitrogen assignments obtained.
The hydrogen-bonding pattern in the loop
The hydrogen-bonding pattern in the loop of E73 can be deduced from the large number of NOEs between imino protons and other protons observed in its water NOESY spectra. The easiest ones to understand are those involving the imino proton of G18, which gives NOEs to the exocyclic amino protons of C13, and to C13H5. They can be explained by proposing that G18 and C13 form a Watson-Crick base-pair (see Figure 9 ). All its other NOEs relate to G19. Once G18 and C13 are paired, G14 aligns with A17. The only G14 imino to A17 NOE involves A17H8, which suggests an AG pair of the type shown in Figure 9 , which is the only anti-anti pairing possible consistent with that NOE. The imino proton of G19 gives a weak NOE to the H8 of A12, the base that aligns with it, given the G18-C13 pair. This suggests another AG base-pair of the G14-A17 type. There is a strong NOE between U11H3 and A20H8, the base U11 aligns with, and the only anti-anti base-pair compatible with this NOE is a reversed-Hoogsteen AU pair ( Figure 9 ).
The most unusual imino-other NOEs in the set are those between G10H1 and the H (2') and H (3') protons of G19. They indicate that G10 reaches across the major groove of the loop all the way to the backbone of the opposite strand. If G10 is a bulged residue, then the base-pair below U11-A20, if it exists at all, should involve A9 and A21. C8 and C22 will also lie opposite each other, as will U7 and C23. The evidence available about the organization of this part of the molecule is slender. There is no U7 imino proton NOE, and no crossstrand NOE involving non-exchangeable protons whatever. The only hint we have comes from an NOE between A21H8 and a pair of amino protons that are likely to belong to A9. This is consistent with the hypothesis that A9 and A21 form a symmetric A-A pair ( Figure 9 ), but is less than proof; the A9H (8) to A21NH NOEs one expects have not been identified.
Non-sequential loop NOEs
Non-sequential NOEs between non-exchangeable protons are rare in RNAs, but very revealing when they occur. Fortunately there are several in the loop, and with the exception of the strong A12H (2) /A20H (2) NOE (Figure 4 (b)), they all speak to the conformation of the molecule in the neighborhood of G10. For example, one of the strongest pieces of evidence that G10 is a bulged base is an NOE between A9H (8) and U11H (6) seen at long mixing times (data not shown). It is the only non-sequential aromatic/aromatic NOE detected, besides A12H (2) -A20H (2) , and it proves that the A9-A21 pair stacks on the U11-A20 pair.
NOEs are also detected that correspond to G10H (1') /U11H (5) , A9H (1') /G10H (1') and A9H (1') / U11H (5) (Figure 4(a) ). These correlations explain a baffling feature of the aromatic-anomeric spectrum. Even though A9 and U11 are non-sequential, the A9H (8) /A9H (1') crosspeak and the U11H (6) / U11H (1') crosspeak, which has a strange, multiplet-like appearance, line up with each other at all temperatures, and in some spectra, look even more alike than they do in Figure 3 . The explanation Res. is that U11H (6) and A9H (1') , and A9H (8) and U11H (1') give NOEs to each other because the ''underside'' of the ribose of A9 faces the underside of the ribose of U11. The G10 bulge must be associated with a kink in the backbone of E73.
Model building
On the basis of the analysis just described, a total of 80 starting models for E73 were calculated by distance geometry and simulated annealing, as This view is colorcoded so that the 3 regions of the molecule can be distinguished. The stem is blue (G1 to C6, G24 to C29), the connection is black (U7 to C8, C22 to C23), and the loop is red (A9 to A21). described in Materials and Methods. The input data included 212 NOE-based distance restraints, 68 hydrogen-bond distances, 162 dihedral restraints, and 13 base-pair planarity restraints. The dihedral restraints were of three kinds: (1) 58 ribose pucker angles and x angles estimated directly from experimental data, (2) 40 a and z angles set on the basis of 31 P chemical shifts, and (3) 57 b, g and e angles inferred less directly to be A form-like (see Materials and Methods).
The success rate was remarkably poor. Of the 80 refined, distance geometry models computed, 76 (!) were rejected on the grounds of high total energy and multiple violations of NMR restraints. Only four were satisfactory by both criteria: low energy and no violations of experimental restraints. (No model was found that had low energy and multiple restraint violations, or high energy and no restraint violations.) These models all had the same topology as the semi-quantitative model published earlier, and had acceptable bond lengths and bond angles everywhere (Szewczak et al., 1993b) . The all-atom, root-mean-square difference (r.m.s.d.) between the four distance geometry models in the region between A9 and A21 was 1.23 Å .
The four distance geometry models were refined independently five times each, using the full relaxation matrix method outlined in Materials and Methods. The restraints were: 181 distances related to NOEs involving mainly exchangeable protons, volumes measured for 133 different non-exchangeable proton NOE crosspeaks (at three mixing times each), 154 dihedral angles and 13 planarity restraints. As it turned out, the initial distance geometry models fit the NOE intensity data quite well; starting R factors for NOE intensities were about 8%, and refinement lowered the R factor only to about 6%. Six refined models emerged from three of the four starting structures that had both low total energy and a small number of violations of restraints. The discussion that follows is based on that set of models.
The final models Figure 10 shows one of the fully refined models that emerged from this study. For the purposes of the discussion that follows, E73 is divided into three parts: a stem (G1 to C6, G24 to C29; the blue region in Figure 10 ), a connection region (U7-C8, C22-C23; the black region in Figure 10) , and a loop (A9 to A21; the red region in Figure 10 ). The stem is A-form double helix, as its sequence and all the data indicated that it had to be. The stem regions of the six final models superimpose with an all-atom, r.m.s.d. of 0.6 Å . The loop is almost as welldetermined; the all-atom, r.m.s.d. in the loop region is 1.11 Å (Figure 11 ).
Because of a lack of constraints, there was a large variation in the conformation of the connection region from one model to the next, and since the conformation of the connection region determined the relative position of the stem and the loop, the angle between the axes of these two regions varied a lot: by 230°around a mean of about 0°. It is possible that the connection has a well-defined conformation in solution, and that the relationship between the stem and the loop is fixed, and it is likely that the pyrimidine-pyrimidine juxtapositions in the connection may play an important role in marrying the non-canonical A-A pair at the bottom of the stem with the Watson-Crick base-pair at the top of the stem. The problem is that the data are not good enough.
Discussion
Model building
In retrospect, the difficulty we experienced in deriving models for E73 is not surprising. A nucleic acid's conformation is determined by the six backbone torsion angles and the glycosidic torsion angle of each of its nucleotides. The number of NOEs, sugar pucker angles and glycosidic torsion angles measured in E73 significantly exceeded seven per nucleotide, but because of the way the data were distributed in the molecule, some backbone torsion angles were hardly determined at all. For that reason, many distance geometry models had conformational faults that could not be rectified by simulated annealing. Fortunately, all such models could be identified on the basis of their high total energies, their poor covalent geometries, and their numerous violations of experimental restraints.
The reader will note that considerable use was made of constraints based on 31 P chemical shifts. It is widely held that 31 P chemical shifts in nucleic acids reflect a and z angles (Gorenstein, 1984) , and thus one can argue that it is reasonable to hold E73 a and z angles to A-form values for those phosphate groups whose 31 P chemical shifts are in the A-form range, which we did. A case can also be made for restraining b, g and e in the stem region. Not only are 31 P chemical shifts ''normal'' in that part of the molecule, the NOEs observed correspond exactly to what is anticipated for A-form double helix. The application of such restraints in the connection and the loop, as was done for residues 12, 13, 19, 20, 21, 22 and 23 is harder to justify.
Our first model building computations were done omitting all torsion angle restraints based on 31 P chemical shifts, and nothing acceptable emerged after a reasonably large number of independent trials. Apparently, the odds of finding a refinable model within the universe of distance geometry models possible in the absence of these restraints were too low. Thus the rationale for including 31 P-derived torsional restraints was heuristic; satisfactory models were obtained only when they were included.
Because restraints were used that cannot be directly justified experimentally, we do not argue that we have uniquely and unambiguously determined the conformation of E73 in solution. What we have done instead is to find conformations for the E73 sequence that are A-like, except where the data require otherwise. The observation that low-energy models consistent with the data and the covalent structure of E73 were obtained this way lends them plausibility, but we cannot exclude the possibility that some other, less A-like conformation is in fact the true conformation of E73 in solution. We do maintain, however, that the base-pairing and topology of that less A-like conformation of E73, if it exists, must be the same as those of the models displayed here.
Finally, we question the value of the full matrix relaxation computations we did. As pointed out earlier, the improvement gained in the fit of NOE intensity data to models was modest, as was the improvement in the convergence of the distance geometry models: the r.m.s.d. for the initial set of distance geometry models was 1.23 Å (loop only), while the corresponding r.m.s.d. in the final model set was still 1.11 Å . In fact, the semiquantitative distance geometry model published in 1993 (Szewczak et al., 1993b) would be an acceptable member of the final model set; its loop geometry has an all-atom r.m.s.d. relative to the final set of 1.24 Å .
Additional support for the conformation proposed for the SRL
The credibility of the E73 model that has emerged is supported by its capacity to rationalize spectroscopic observations that were not used to derive it. For example, the H (1') protons of C13 and G18 both resonate about 1 p.p.m. upfield of the normal region for H (1') protons. The model places both of them directly over adenine rings, where strong, upfield ring current shifting should occur. The H (8) of A9 is also upfield shifted; it lies over the base of C8. The H (2) of A12, on the other hand, resonates well downfield of all the other AH (2) protons in the E73 spectrum because, unlike them, it has no neighboring base oriented so as to shift it upfield. The downfield positions of the resonances of A17H (1') and several H (3') and H (2') protons reflect their placement near the edges of neighboring bases.
E73's relaxation properties also make structural sense. The H (8) -C (8) 1 H-13 C HMQC crosspeak for A15 is the sharpest in the HMQC spectrum of E73. A15 is the penultimate adenine residue in the loop, and is not hydrogen-bonded to any other residue. It ought to be the most mobile base in the molecule and should have the C (8) with the longest carbon relaxation time. The two protons that have the longest t 1 relaxation times (by far) are the H (2) protons of A17 and A12 (data not shown). A12 and A17 participate in side-by-side pairings with G residues, which isolates their H (2) protons from neighboring protons much more effectively than would be the case if they participated in Watson-Crick AU pairs. The H (8) of A17 (at 8.10 p.p.m.), which has more proton neighbors than purine H (8) protons in a helical nucleic acid generally (see above), is one of the more quickly relaxing aromatic protons.
The imino proton resonances of G10, G14 and G19 are all observable even though none of them is hydrogen-bonded to another base. In addition, the imino proton faces of all three are resistant to attack by kethoxal even though their pairings apparently leave them exposed (Noller, H. F. and Moazed, D., personal communication) . The structure again suggests why they are protected. The imino proton of G10 is about 2 Å from the phosphate oxygen atom of A20, which suggests that a hydrogen bond forms. Only modest alteration in the conformation of the molecule would bring the imino proton of G19 into the same relationship with respect to the phosphate oxygen atoms of A12. The imino proton of G14 is further from the nearest phosphate oxygen atom (A17) than that, but the possibility of a watermediated hydrogen bond deserves consideration (SantaLucia et al., 1992) .
Comparisons with other RNA structures
The sarcin/ricin loop is clearly not a 17 base loop at all. It is instead a compact hairpin structure with only a dinucleotide loop. The abundance of unconventional base-pairings, the presence of a bulged base, and the absence of sequence variation in the SRL in all 23 S-like rRNAs made it impossible to diagnose its conformation from sequence data; it was a loop faut de mieux. Many other RNA sequences that are now classified as loops will likely turn out to be structured in equally idiosyncratic ways.
The SRL is an assembly of three smaller motifs, which have been characterized in other contexts: a GNRA tetraloop, a bulged G motif, and a short A-type helix. Evidence for the similarity between the top of the SRL and tetraloops of the GNRA class may be found in the observation that proton and phosphorus nuclei in analogous residues have similar chemical shifts, and the same unusual 1 H-1 H NOEs are observed (Heus & Pardi, 1991) . For example, the H (1') resonance of G18 is upfield-shifted in both molecules, and both exhibit a ''backwards'' NOE between G18H (1') and A17H (8) . E73 even shows the same broadened 31 P resonance for G14pA16 as GAAA tetraloops do in other RNA molecules (Legault & Pardi, 1994) . This resonance may be in intermediate exchange due to conformational flexibility within the GNRA tetraloop (P. Legault and A. Pardi, personal communication) .
Sequences identical with the A9 to A12 and G19 to A21 sequence, which form the bulged G motif in E73, are widespread in RNAs. It occurs in loop E of eukaryotic 5 S rRNA, for example, and in the hairpin ribozyme (Butcher & Burke, 1994) . There are two of them in loop E of procaryotic 5 S RNAs (Specht et al., 1990) . The conformation of loop E from Xenopus 5 S rRNA was independently determined by Tinoco and co-workers about the same time we solved E73 (Wimberly et al., 1993) . Where the sequences of the two RNAs are the same, corresponding protons have nearly identical proton chemical shifts, the 31 P spectrum of loop E has outlying resonances that correspond to those assigned to pC8, pA9 and pG10 in E73, and the same distinctive interproton NOEs are seen. Not surprisingly, the model proposed for loop E closely resembles the one we arrived at for the A9 to A12, G19 to A21 region of E73. For some reason, the Tinoco group did not detect the imino proton resonance of the loop E equivalent of G10, and consequently could not observe the G10H (1) NOEs to G19H (2') and G19H (3') we saw and that place that residue unambiguously.
It is clear that RNA motifs have spectroscopic ''fingerprints''. When sequences are studied in the future that might give rise to a GNRA tetraloop or a bulged G motif, for example, a lot of time could be saved by looking for the features described above so that a conformational diagnosis can be made as soon as possible. Had we been aware of this possibility, and had the loop E structure been available to us, our progress might have been accelerated by a whole year.
Finally, it has long been accepted in the RNA community, almost as an article of faith, that RNAs are modular, that the stem/loop structures so abundant in RNAs are stable domains, whose conformations are independent of context. The conformation of E73 suggests that modularity can even be found within stem/loop structures. It now appears that small RNA secondary structure elements can be concatenated to make stable stem/loops.
On the relationship of the conformation of the isolated oligonucleotide to that of the SRL in the ribosome
Is the model for E73 just presented relevant to the conformation of the SRL in the ribosome? Beyond the observation that both the SRL in the ribosome and E73 (in vitro) are substrates for ricin and a-sarcin, the only evidence available comes from the chemical protection experiments of Noller and co-workers (H. Noller, T. Gabriel, and D. Moazed, unpublished results). They have probed the Watson-Crick hydrogen-bonding faces of SRL G, A and C residues in 23 S rRNA from E. coli, which is identical in sequence with the SRL from rat (i.e. E73) from A9 to A20. The only bases whose hydrogen-bonding faces are fully reactive are A12, A15, G16, A17 and A20, which is what you would predict from the base-pairing found in E73, granted that G10, G14 and G19 are all unreactive, as discussed earlier. Thus it is likely that the conformation of the SRL is the same in 23 S rRNA as it is in E73.
The Noller group has also probed 50 S ribosomal subunits from E. coli where the SRL is more protected than it is in naked 23 S rRNA, but where nothing that is protected in naked 23 S rRNA is more reactive. Thus, while the possibility that the conformation of the SRL in the ribosome is not the same as it is 23 S rRNA and E73 cannot be ruled out, it is possible that they are the same, and that the SRL gains additional protection in the ribosome from its interactions with neighboring ribosomal components.
Cytotoxin recognition of the SRL
Wool and his colleagues have identified the residues in the sarcin/ricin loop that are essential for its activity as a substrate for ricin and a-sarcin by mutagenesis techniques (Endo et al., 1990; Glü ck et al., 1992; Wool et al., 1992) . They have shown that ricin will depurinate the appropriate A residue of any GAGA tetraloop that is closed by a short, Watson-Crick helix. Thus ricin recognizes the top of the sarcin/ricin loop only, a conclusion fully consistent with recent model-building studies (Monzingo & Robertus, 1992 ; S. Mean, K. Morris, H. Noller, and I. Wool, personal communication) .
Even though a-sarcin and ricin attack adjacent residues, a-sarcin seems to recognize a different part the SRL. Mutants that abolish sarcin recognition are found below C13:G18, the base-pair that closes the tetraloop. Residue G10 seems to be particularly important. Deletion of that guanine residue, or its substitution by any other base abolishes recognition by a-sarcin, even though G10 is six residues away from G16 (A. Glü ck & I. G. Wool, personal communication) . How does a small enzyme like a-sarcin recognize G10 but cleave at G16, even when the top of the loop is disrupted by a mismatch?
Two explanations suggest themselves. First, a-sarcin may recognize the SRL in a completely different conformation from that described here. This hypothesis is not implausible, given that the loop itself is not very stable thermodynamically (Szewczak et al., 1991) , and it would be consistent with speculation that conformational change in the SRL is coupled to translocation (see below). A second, simpler explanation is suggested by the concentration-dependence of a-sarcin's specificity. At low concentrations (below 30 nM) a-sarcin is quite specific, cleaving only one bond in ribosomal RNA, but at higher concentrations it cleaves on the 3' side of G residues non-specifically (Wool, 1984) . Perhaps the enzyme's binding site for RNA has two parts, a part with a generalized, but low affinity for RNA that promotes G-specific cleavage, and a second part that recognizes bulged G motifs with high affinity. As Figure 12 shows, G10, the bulged G, is on the same side of the loop as the phosphate group of the diester that is cleaved, and is only 15 Å away from it. Furthermore, the immediate context of the bond that is cleaved is A-form-like in its conformation.
It is intriguing that the bulged G motif in loop E of eukaryotic 5 S RNA interacts with both L5 and transcription factor IIIa (Romaniuk, 1989; Allison et al., 1991) , and that the bulged G motif in the SRL interacts with elongation factors (Moazed et al., 1988) is shown rotated so that the surface that interacts with a-sarcin is in view. The phosphate group attacked by a-sarcin (G16pA17) is yellow. G10 is yellow also.
Materials and Methods
RNA
All E73 samples were prepared by Y.-L. Chan and Ira G. Wool of the University of Chicago using bacteriophage T7 RNA polymerase and synthetic DNA templates (Szewczak et al., 1991) . d5-CTP was prepared by bisulfite-catalyzed exchange using 2 H2O as the deuterium source (Brush et al., 1988; Hayatsu, 1976) , and d8-GTP was prepared by uncatalyzed exchange with 2 H2O (Benevides et al., 1984) . E73-S (see Figure 1) was synthesized chemically by the Yale University School of Medicine Protein and Nucleic Acid Chemistry Facility, and deprotected as described by Webster et al. (1991) . Following dialysis against 50 mM KCl, 15 mM NaCl, 0.5 mM EDTA, 10 mM phosphate (pH 7.6), samples of both E73 and E73-S were brought to concentrations between 1 and 3 mM by ultrafiltration.
Data acquisition
Routine one and two-dimensional proton spectra were acquired using the Yale 490 MHz spectrometer. Threedimensional homonuclear experiments, experiments involving 31 P, and homonuclear experiments requiring composite mixing pulses were implemented on a Bruker AM-500 spectrometer using an inverse detection probe with a broadband X-channel. Heteronuclear 1 H-13 C and 1 H-15 N correlation experiments, and gradient-enhanced experiments were done on a General Electric Omega-500 PSG spectrometer. NMR data were processed off-line using Felix 2.0. Most spectra were apodized using a 90°-shifted sine-squared window function. Unless otherwise specified, all contour plots are drawn using geometric spacing between contours.
Dioxane was used as the chemical shift standard (3.741 p.p.m.) for proton experiments, while an external trimethyl phosphate standard (0.0 p.p.m.) was used to reference all 31 P spectra. The default GE spectrometer 13 C and 15 N references were used as the chemical shift standards for other heteronuclear correlation experiments.
Imino proton spectroscopy
One-dimensional imino proton spectra were collected using the twin pulse method (Kime & Moore, 1983) . The offset was placed near 15 p.p.m. and a sweep width of about 14,000 Hz was used. The total recycle time was 0.5 to 0.8 second. Imino proton difference NOEs were collected the same way, with presaturation of the desired frequency for 300 milliseconds. Decoupler power was set to a level that gave approximately 80% saturation of the irradiated peak. The total recycle time for each scan was approximately 2.0 seconds. On and off-resonance spectra were collected in an interleaved fashion.
A self-refocused 1-3-3-1 (SR-1331) solvent suppression pulse sequence (Takegoshi et al., 1990) with TPPI phase cycling (Marion & Wü thrich, 1983 ) was used to collect two-dimensional NOESY spectra of exchangeable protons. A 40 millisecond homospoil pulse was included during the mixing time to dephase residual water magnetization. Random variation of the mixing time was included in these experiments, as in all other NOE experiments, to suppress zero quantum correlations (Macura et al., 1981) . Recycle times of two seconds or longer were used for these and all other experiments in which observation of both nonexchangeable and exchangeable nuclei was desired.
The SRL in translation
As pointed out earlier, elongation factor binding to the ribosome protects several SRL residues in E. coli ribosomes from chemical modification: residues corresponding to G10, A15 and G16 (both EF-G and EF-Tu) and A20 (EF-G only: Moazed et al., 1988) . This is consistent with a model for elongation in which the sole function of the SRL is to serve as the binding site for both factors. Depurination of A15 and cleavage of the G16-A17 phosphodiester bond would be pictured as inhibiting translation by weakening the interaction of the ribosome with elongation factors.
Alternatively, the sarcin/ricin loop may play an active role in elongation. Changes in SRL conformational or changes in the way the SRL interacts with other parts of the ribosome may trigger the change in ribosome conformation that occurs during elongation . For example, if the SRL tetraloop had to make a tertiary interaction with another part of 16 S or 23 S rRNA at some phase in the elongation cycle, as tetraloops can do (Murphy & Cech, 1994; Michel & Westhof, 1990) , covalent damage to the tetraloop would be devastating. In models of this class, elongation factors catalyze the SRL conformational change required, and their effects on the chemical reactivity of the SRL can be either direct or indirect. It would be interesting to know whether ricin and a-sarcin-treated ribosomes retain the capacity to carry out factor-free translation.
If the putative conformational change involves the secondary structure of the SRL, then a conformation for the SRL must exist that is different from that described here. If the conformational switch in question occurs at the tertiary or quaternary level, the SRL need have only one conformation in the ribosome, presumably that described above.
Non-exchangeable proton spectroscopy
Non-exchangeable proton spectra were acquired with recycle times of 2.5 to 5.0 seconds, with the shorter delays (12 seconds) being used for spectra intended for assignment purposes, and longer delays (15 seconds) being used to measure the buildup of NOE intensities.
Magnitude COSY spectra (Aue et al., 1976; Nagayama et al., 1980) were collected with presaturation to attenuate the residual 1 H 2 HO peak. The decoupler and transmitter frequencies were synchronized using a cable splitter (Zagorski, 1990) . Phase-sensitive DQF-COSY spectra (Wokaun & Ernst, 1977; Bodenhausen, 1981) were collected using States phase cycling (States et al., 1982) . H(1')-H(2') coupling constants were determined by the method of Kim & Prestegard (1989) , which corrects for peak cancellation effects by using the separation of extrema in both absorptive and dispersive phasing of the crosspeaks to calculate scalar coupling constants.
A clean TOCSY (Braunschweiler & Ernst, 1983; Bax & Davis, 1985; Griesinger et al., 1988) experiment with TPPI phase cycling (Marion & Wü thrich, 1983 ) was used to identify ribose spin systems. Experiments with several TOCSY mixing times between 50 and 150 milliseconds were collected.
Non-exchangeable proton NOESY spectra (Jeener et al., 1979) were collected using States phase cycling (States et al., 1982) . NOE buildup NOESY spectra were collected with 50, 100, and 150 milliseconds mixing times.
Heteronuclear spectroscopy
A gradient-enhanced, jump-return, spin-echo pulse sequence (Szewczak et al., 1993a) was used to collect a proton detected, natural abundance 1 H-15 N correlation spectrum of E73 at 10°C. In order to achieve maximum resolution in the 13 C dimension, natural abundance, proton-detected 1 H-13 C HMQC spectra (Varani & Tinoco, 1991a) were collected using a 13 C sweep width of 6500 Hz, with the offset set at 80 p.p.m. so that H(2), H(8) and H(6) chemical shifts would be aliased into a region of the spectrum that does not overlap with the other 1 H-13 C crosspeaks. The experiment was optimized for JXH = 200 Hz, and 8 kHz GARP decoupling (Shaka et al., 1985) was applied during acquisition to collapse peak multiplets in the proton dimension.
One-dimensional 31 P spectra were collected using a simple pulse-acquire experiment with 5000 Hz broadband 1 H decoupling during acquisition. Except for the initial, undecoupled 10,000 Hz spectrum used to identify the 5' a, b and g phosphate resonances, 31 P sweep widths were 1000 to 2000 Hz for E73. Proton detected 1 H-31 P heteronuclear COSY experiments (Sklenár et al., 1986; Sklenár & Bax, 1987) were collected in inverse mode with low pass and deuterium filters included in the X-channel. Hetero-TOCSY-based experiments (Kellogg & Schweitzer, 1993; Kellogg, 1992 ) used a 31 P sweep width of 1000 Hz with the offset at − 3.7 p.p.m. The proton sweep width was 4000 Hz and the proton offset was always set to the 1 H 2 HO frequency (4.7 p.p.m.). HeteroTOCSY and NOESY mixing times were of the order of 40 and 500 milliseconds, respectively, and TPPI phase cycling was used (Marion & Wü thrich, 1983) . For the three-dimensional homonuclear 1 H clean TOCSY-NOESY experiment, t3, t1, and t2 were 512, 92 and 128 points, respectively, and the proton sweep widths were all 4000 Hz. For this experiment, the homonuclear TOCSY and NOESY mixing times were 100 and 300 milliseconds.
Three-dimensional experiments
Distance geometry model building
All conformational calculations were done using X-PLOR, version 3.1 . Protocols were tested using a standard A-form double helix as a model to ensure that convergence would be achieved. Base-pairs were defined by specifying distances between hydrogen-bond donor and acceptor atoms. For each donor-acceptor pair A-H. . . .B, the A to B and H to B distances were defined using published distances for Watson-Crick pairs (Saenger, 1984) , and 2.0(20.3) Å for the hydrogen-bond distance and 3.02(0.3) Å for the heavy-atom distance for non-WatsonCrick pairs. Base-pair planarity was maintained by specifying a set of six atoms, three from each base, and applying a 50 kcal mol −1 A −2 penalty for deviating atoms .
Ribose conformations (%N) were determined from JH1'H2' values using the equation (van den Hoogen, 1988) : %N = 114.9 − 14.5(JH1'H2'). An average ribose pucker phase angle was then calculated, assuming a two-state model where tm = tS = tN = 37°, PS = 162°, and PN = 9°. Individual values for the ring dihedrals n0 to n4 were extracted using Pavg and tm in the following equation (Altona & Sundaralingam, 1972) : nj = tm cos[P + 4p (j − 2)/5] j = 0, 1, 2, 3, 4. The chi angles were all set to the anti conformation (200(230)°), except for G10, A15 and A17, for which chi was set to 200(260)°because of their somewhat stronger intraresidue H(1')-H(8) NOEs.
For the purposes of calculating initial, distance geometry structures, interproton NOE crosspeaks were classified into three overlapping distance ranges: short (1.8 to 3.0 Å ), medium (2.0 to 4.0 Å ) and long (3.0 to 6.0 Å ) as follows. If a crosspeak was of medium or strong intensity at 50 milliseconds it was classified as a short distance. If a crosspeak was weak or not observed at 50 milliseconds, but was of medium to strong intensity at 100 milliseconds, it was classified as a medium distance. Long distances corresponded to the NOEs that were weak, but visible at 100 milliseconds. Sequential H(1')-H(8) or H(1')-H(6) distances, which are known to appear ''short'' because of spin diffusion, were classified as medium. NOEs involving exchangeable protons were taken as corresponding to a distance of 3.8(21.2) Å if they were present in a 10°C 300 milliseconds NOESY spectrum.
Loosely bounded dihedral restraints were added for a, b, g, e and z, for every phosphate group having a 31 P chemical shift in the A-form range. In the stem region, each dihedral restraint was limited to 215°of the A-form value, while in the loop each angle was allowed to vary by 230°. No restraint was included for phosphate groups having 31 P chemical shifts outside the A-form range.
Restrained molecular dynamics calculations
Although usually correct topologically, the coordinate sets that emerge from distance geometry calculations are often unrecognizable as a molecular structure and must be energy-minimized before any use can be made of them. This was done using a combination of conjugate gradient minimization, and simulated annealing.
The initial phase of the refinement was done using a short non-bonded interaction cutoff (4.5 Å ), a van der Waals term that was repulsive only, no electrostatic term, and no explicit hydrogen-bonding term. After some initial conjugate gradient minimization to idealize covalent geometries, each structure was heated to 2000 K and the NMR-derived distance, torsional angle, and hydrogenbonding restraints were slowly increased as the molecular dynamics proceeded. Simultaneously, bond, angle and improper energy terms were included. After equilibrating the molecule for six picoseconds at high temperature, a repulsive van der Waals term was turned on, and each structure was slowly cooled to 100 K, and then minimized. Molecular dynamics time-steps were of the order of one femtosecond.
Full matrix refinement
Distance geometry starting structures were further refined using a simulated annealing protocol that included full matrix relaxation back calculations to optimize the fit to non-exchangeable proton NOEs (Nilges et al., 1991; White et al., 1992) . r 1/6 weighting was used for the analysis of NOE crosspeak volumes. Crosspeak volumes were measured in non-exchangeable proton NOESY spectra collected at mixing times of 50, 100 and 150 milliseconds, using Felix 2.1. These data replaced most of the non-exchangeable proton-proton distances used in calculating distance geometry starting models. An isotropic correlation time of three nanoseconds, which was obtained from a minimum R-factor grid search that used pyrimidine H(5)-H(6) crosspeaks as a standard, was used throughout. In addition, A-form dihedral restraints were relaxed for residues adjacent to nucleotides having unusual 31 P chemical shifts, and a full Lennard-Jones potential was used in place of the repulsive-only van der Waals term employed during distance geometry calculations. Models were heated to 1000 K for two picoseconds, slowly cooled to 300 K, and then minimized.
